When rice is grown under moderate salinity (6 dS m −1 ), yields are reduced by up to 50%. The development of salt-tolerant varieties is a key strategy for increasing yields. We conducted an experiment using a hydroponic system with ion components similar to seawater to determine useful parameters for assessing salt tolerance. Two-week-old seedlings were grown for 7 days on Yoshida hydroponic solution. The treatment group then additionally received an artificial seawater solution (electrical conductivity, 12 dS m
Introduction
Agricultural production faces increasing challenges from salt intrusion due to global warming, ice melt, and rising sea levels. Globally, it is estimated that saline and sodic soils cover 397 million and 434 million ha (FAO 2016) , respectively, while 45 million of the 230 million ha of irrigated lands (19.5%) have been affected by salt. This is a serious problem because irrigated areas are responsible for one-third of world food production (Linh et al. 2012) . Despite the advanced management technologies available today, salinization of millions of hectares of land continues to have severe effects on global crop production.
Moreover, global population is expected to reach to 9 billion people by 2050, increasing the pressure for agricultural production in marginal saline lands (Negrão et al. 2011) . Global food production will need to increase by approximately 50% by 2050 to match population growth (Flowers 2004; Rengasamy 2006) . Rice (Oryza sativa L.), which supplies 20% of global daily calories, is highly susceptible to salinity. Salt stress causes serious damage to many cellular and physiological processes, including photosynthesis, nutrient uptake, water absorption, plant growth, and cellular metabolism, all of which lead to yield reduction (Pardo 2010) . The salinity threshold for rice plants is 3 dS m −1 electrical conductivity (EC). Above this threshold, every additional 1 dS m −1 is associated with a 12% reduction in rice yield (Maas 1990 ). Rice seedlings die at a salt level of 10 dS m −1 (Munns et al. 2006) , and yield loss can be as high as 90% at 3.5 dS m −1 during the reproductive stage (Asch et al. 2000) . Salt-tolerant cultivars may provide opportunities to improve the salinity tolerance of rice through breeding. Development of salt-tolerant varieties has been considered one of the key strategies to increase rice production in coastal areas. Identifying the key parameters for evaluating salt tolerance in rice is a topic of considerable research worldwide. Previous studies have used hydroponic systems with additional sodium chloride (NaCl) salt as a screening method for salt tolerance in rice. However, all soils contain a mixture of soluble salts; the most common cations associated with soil salinity are Ca 2+ , Mg
2+
, and Na + (Alam 1999) . Salt accumulation in arable soils is derived mainly from irrigation water that contains trace amounts of NaCl from seawater (Tester and Davenport 2003; Flowers and Yeo 1995) . Few studies have investigated salt stress following exposure to ion components similar to those in seawater. This study induced salt stress using artificial seawater (ASW) to evaluate its effects on rice growth and mineral content and to determine useful parameters for identifying salt-tolerant rice varieties.
Materials and methods

Plant materials
We selected a diverse set of genotypes, including 25 varieties from the Kyushu University Cultivated Rice Collection (KCR) and 12 varieties from the World Rice Collection (WRC) ( Table 2 ). The seeds were supplied by the Plant Breeding Laboratory, Faculty of Agriculture, Kyushu University.
Hydroponic system and plant growth conditions
Seedlings were screened using a hydroponic system with a salt treatment and a control. The experiment used a randomized complete block design with two replications and four seedlings in each replication. Yoshida (Y) solution (Yoshida et al. 1976 ) was used for rice growth in the control and was a base solution in the salt-stress treatment. The solution was changed twice a week. The pH was measured frequently with a pH meter (pH Meter HM-10P, DKK-TOA Corporation, Tokyo, Japan) and maintained at 5.5-6.0. The hydroponic system was placed in a growth chamber with a constant temperature of 25°C and a photoperiod of 16 h light and 8 h dark.
Screening procedure
Rice seedlings were prepared using a commercial seedbed soil (Kokuryu Baido, Seisin Sangyo Co., Kitakyushu, Japan). Seeds of 37 rice varieties were sterilized to remove fungi using 10% ethanol for 3 min, followed by 30 min of shaking in 5% bleach (NaClO). The NaClO was then removed by rinsing the seeds five times with distilled water. Rice seeds were incubated at 30°C for 24 h. One seed was planted with seedbed soil in each shell and kept in a tray with tap water. Seedlings in the control and salt treatments grew uniformly for 2 weeks in tap water and 1 week in Y solution. In the control, Y solution was used continuously for the experiment. In the salt treatment, seedlings were grown for the next 2 weeks in a 12-dS m −1 solution, which was made by adding ASW to the Y solution (ASW-Y solution). The EC of the solution was measured using an EC meter (Hand Held Conductivity Meter, Model CM-31P, DKK-TOA Corporation, Tokyo, Japan) to ensure that it was maintained at 12 dS m −1 . The NaCl, Na 2 SO 4 , MgCl 2 , and CaCl 2 contents of the solution were 87. 478, 5.759, 11.186, and 2.156 mM, respectively. 2.4. Assessing salt tolerance, measuring growth parameters, and determining mineral contents After a 2-week period of salt stress, a standard evaluation score (SES) of visual salt injury was used to assess all seedlings and categorize salt tolerance following the method described by Gregorio et al. (1997) . Shoot and root length were measured, and then the root was cut from the shoot. After oven drying at 70°C for 24 h, the shoot was divided into sheath and leaf, weighed, and ground into a fine powder. The K, Na, Mg, and Ca contents in each plant part were determined using a H 2 SO 4 -H 2 O 2 digestion method (Oyahama et al. 1991) , followed by atomic absorption spectrophotometry (Z5300 Polarized Zeeman Atomic Absorption Spectrophotometer, Hitachi, Tokyo, Japan).
Statistical analysis
Analysis of variance was used to test for differences, followed by Tukey's Honest Significant Difference test; both were conducted using STATISTIX 8 (Analytical Software, Tallahassee, FL, USA). The correlations among parameters were investigated using correlation and regression analysis in Excel (Office Professional Plus 2016, Microsoft, Redmond, WA, USA).
Results
Salt tolerance of rice genotypes under salt stress
SES is a most popular indicator used to evaluate the saltstress-induced symptom of rice when growing under saltstress condition. If SES of a variety is in the range between 3.0 and 5.0, it is a salt tolerant one. There are some popular rice varieties which were categorized into the salt-tolerant variety group such as Pokkali, FL478. The SES of Pokkali and FL478 was 3.0 when growing under salt-stress condition of 12 dS m −1 EC (De Leon et al. 2015; Rahman et al. 2016) . In this study, salt tolerance was highly variable among the 37 genotypes. The SES results following the salt-stress treatment are shown in Table 1 . The 37 genotypes were divided into four groups: salt-tolerant groups (STGs; 7 varieties; KCR 20, KCR 124, and KCR 136 had SES of 3.3, 3.4, and 3.9 respectively), moderately salt-tolerant groups (MSTGs; 11 varieties), salt-sensitive groups (SSGs; 18 varieties; KCR157 cultivar had a score of 7), and highly salt-sensitive groups (HSSGs; 1 variety, KCR246, with a score of 9). There was no highly salt-tolerant cultivar among these rice genotypes.
Salt-stress effects on plant growth
The response of rice growth to salt stress varied among genotypes (Fig. 1 ). Significant differences were observed in shoot length reduction, sheath dried weight (DW) reduction, and leaf DW reduction. 3.3. Mineral content in root, sheath, and leaf
The Na, K, Mg, and Ca contents were measured in roots, sheaths, and leaves for all 37 varieties, and means were calculated for each salt-tolerance group. The results are shown in Fig. 2 and Table 2 .
Na content
The Na content in roots, sheaths, and leaves differed significantly among the four salt-tolerance groups under the stress treatment, but not in the control (Fig. 2B ). In the treatment group, Na content ranged from 7. Table 2 ). The Na content of STGs was highest in the roots, followed by the sheaths and leaves, whereas in SSGs and HSSGs, these values were lowest in the roots and highest in the sheaths. This indicated that STGs accumulated and stored Na in the roots, thereby inhibiting Na transfer to the sheath and leaves (e.g., in genotypes KCR143, KCR136, and KCR20; Fig. 2 ). By contrast, Na in the roots of SSGs and HSSGs was generally transferred to the sheath and leaves (e.g., in genotype IR29; Fig. 2 ).
K content
In the control (data not shown), the K content in roots ranged from 8.90 (WRC57) to 21.51 mg g −1 DW (KCR140), whereas it ranged from 2.49 (KCR233) to 11.51 mg g −1 DW (KCR140) in the treatment group ( (WRC5) in the treatment group. The differences in root, sheath, and leaf K content among the four salt-tolerance groups are shown in Fig. 2 . There were no significant differences in K content in roots or leaves among the salt-tolerance groups under either the control or the treatment condition (Fig. 2) . However, in both the control and treatment groups, sheath K differed significantly among the salt-tolerance groups; it was highest in STGs, followed by MSTGs, SSGs, and HSSGs. There was also a high negative correlation between sheath K and the SES in the control (Pearson correlation index was −0.62), whereas other correlations were not high. The similar patterns of sheath K content in the control and treatment groups suggest that sheath K could be used as an indicator for identifying salt-tolerant varieties under non-saline conditions.
Mg content
In the control, the sheath and leaf Mg content did not differ significantly among the four salt-tolerance groups. However, Mg content in the roots of STGs and MSTGs differed significantly from those in SSGs and HSSGs (Fig. 2) . The correlation between SES and root Mg content in the control was quite low (Pearson correlation index was −0.28). In the treatment group, root Mg content ranged from 1.53 to 3.96 mg g −1 DW, sheath Mg content from 3.68 to 7.71 mg g −1 DW, and leaf Mg content from 3.63 to 8.02 mg g −1 DW (Table 2) . Leaf Mg did not differ significantly among the four salt-tolerance groups, whereas root and sheath Mg did. STGs had the highest root Mg (3.46 mg g −1 DW) and lowest sheath Mg (4.58 mg g −1 DW), while HSSGs had the lowest root Mg (1.08 mg g −1 DW) and highest sheath Mg (7.36 mg g −1 DW).
Ca content
In both the control and treatment groups, Ca content was the highest in leaves and lowest in the roots. However, there were no significant differences among the roots, sheaths, and leaves among the four groups in the control (Fig. 2 ). In the treatment group, there were differences in Ca content in sheaths and leaves, but not in root, among the four groups. However, these differences were not significant.
3.3.5. Regression of Na against K, Mg, and Ca contents under the salt-stress treatment
To understand which elements are related to Na absorption and accumulation, we conducted regression analyses to determine the relationship of Na with K, Mg, and Ca contents in each plant part in the salt-stress treatment group (Table 3) . The results showed that root Na was positively and significantly correlated with root Mg (coefficient = 3.560, P < 0.0001). Sheath Na was positively and significantly correlated with sheath Mg (coefficient = 7.520, P < 0.0001), but negatively correlated with sheath K. Leaf Na was positively and 40   60   KCR20  KCR143  KCR124  KCR10A  KCR136  KCR208  KCR19  KCR108  IR24  KCR12  KCR201  KCR57  KCR75  KCR22  KCR121  WRC6  KCR196  KCR222A  KCR140  KCR157  WRC57  KCR175  KCR192  WRC5  WRC17  T65  KCR225  WRC15  WRC48  KCR226  WRC29  WRC37  WRC49  WRC41  KCR244 KCR233 KCR246 
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DW, dried weight; STGs, salt-tolerant groups; MSTGs, moderately salt-tolerant groups; SSGs, salt-sensitive groups; HSSGs, highly salt-sensitive groups; ns, not significant. The histograms in the same parameter with the same letter are not significantly different by the Tukey HSD test (P<0.05) significantly correlated with leaf Mg. The R 2 values of Na against K, Mg, and Ca contents were low for roots and leaves (0.384 and 0.215, respectively), but high for sheaths (0.817).
Correlation of parameters related to salinity tolerance
Relationships among all parameters were analyzed to understand the physiological traits that characterize salinity tolerance (Table 4) . SES was positively and highly correlated with sheath and leaf Na, sheath Mg, sheath and leaf Na/K, sheath and leaf Na/Mg, and leaf Na/Ca ratio, and negatively correlated with sheath DW, sheath K, sheath K/Mg, and sheath K/Ca. Additionally, sheath K was positively and highly correlated with sheath and leaf Na. Root Mg was positively correlated with root Na, but negatively correlated with sheath Na. Sheath Mg was highly and positively correlated with sheath and leaf Na. These results indicated that salt tolerance in rice was related to mineral concentrations in the sheath rather than that in the roots and leaves.
3.5. Regression between SES and mineral contents in roots, sheaths, and leaves in the salt-stress treatment Table 5 shows results for the regressions of SES against Na, K, Mg, and Ca contents in roots, sheaths, and leaves. The relationship between SES and root Na was not significant (R 2 = 0.16). However, there were high and significant correlations of SES with sheath and leaf Na (R 2 = 0.57 and 0.56, respectively). SES was significantly correlated with sheath K (R 2 = 0.53), but not with root or leaf K. The regressions of SES against root and sheath Mg were significant but not strong (R 2 = 0.21 and 0.32, respectively). These results imply that salt tolerance was related to Na, K, and Mg contents of the sheath and Na content of the leaves.
3.6. Relationship between SES and Na/K and Na/Mg ratios in roots, sheaths, and leaves in the salt-stress treatment Figure 3 and Tables 2 and 6 show the relationships between SES and the Na/K and Na/Mg ratios of roots, sheaths, and leaves in the salt-stress treatment. Significant differences in Na/K were observed among the four salt-tolerance groups. Sheath and leaf Na/K were lowest in STGs and highest in HSSGs. By contrast, the root Na/K ratio was lowest in HSSGs and highest in MSTGs, followed by STGs (Fig. 3) . The Na/Mg ratios differed significantly among groups in sheaths and leaves, but not in roots. STGs had the lowest sheath and leaf Na/Mg ratios, and HSSGs had the highest.
The regression analyses (Table 6) showed that salt tolerance was significantly and highly correlated with sheath Na/K (R 2 = 0.6051), but not with leaf Na/K (R 2 = 0.354). SES was not related to root Na/K or Na/Mg (R 2 = 0.0012 and 0.0161, respectively). The regressions of SES against sheath and leaf Na/Mg were significant (R 2 = 0.5396 and 0.5257, respectively).
Discussion
Concentration of K in sheaths in the control
We showed that sheath, but not root or leaf, K content in the control and salt-stress treatment were useful as indicators to identify salt tolerance. Most authors have divided plant samples into only root and shoot sections to understand the distribution of minerals or record DWs when testing salt tolerance in rice (Ren et al. 2005; Thomson et al. 2010; Zheng et al. 2014; Sakina et al. 2015; De Leon et al. 2015) . In this study, we divided plants into three parts, i.e., roots, sheath, and leaves, to gain further insights into salt-tolerance mechanisms. The results showed that the most significant differences in K content were in the sheaths in both the control and treatment groups. De Leon et al. (2015) reported that salinity tolerance is most likely controlled in the shoot. In the present study, the significant differences in sheath K among the four salt-tolerance groups in the control indicated that under non-saline conditions, sheath K offers a possible means to identify salt-tolerant varieties (the sheath K contents of salt-tolerant KCR20, KCR 124, and KCR136 were 31.19, 31.21, and 29 .44 mg g −1 DW, respectively, and the average of sheath K content of all varieties was 25.93 mg g −1 DW). STGs had the highest sheath K, which differed significantly from that of SSGs.
4.2. Na and K contents and Na/K ratios in roots, sheaths, and leaves in the salt-stress treatment
De Leon et al. (2015) found no significant differences in shoot Na uptake among rice genotypes and no significant correlation between visual SES and shoot Na concentration. These authors also suggested that salt tolerance among tolerant varieties is likely a function not of restricting Na uptake but rather of compartmentalizing Na to reduce its toxic effects. However, our results were consistent with the findings of many previous studies suggesting that salt stress toxicity may be due to Na accumulation in the shoot (Lin et al. 2004) . The root Na content in the sensitive group was about one-fifth that in the sheath and one-third that in the leaves. The root Na content of the salttolerant group was the highest among the four groups, nearly the same as that in the sheath and about 2.5 times that in leaf. Munns and Tester (2008) reported that the most significant Table 3 . The regression of Na against K, Mg, and Ca contents (mg g −1 DW) under salt-stress treatment. EC, electrical conductivity; SES, standard evaluation score; DW, dried weight.
plant adaptation to salinity is the ability to restrict the transportation and accumulation of Na in leaves. Additionally, in a study of wheat, El-Hendawy et al. (2009) suggested that low Na in leaves offered the best indicator for salt-tolerance screening under both greenhouse and field conditions. In our study, the salt-tolerant genotypes (KCR136, KCR20, and KCR124) had low sheath and leaf Na, while most sensitive cultivars had low root and high sheath and leaf Na (KCR246, WRC49, and T65). The low sheath and leaf Na and high root Na of salt-tolerant varieties may be affected by high sheath K, which causes high concentrations of intracellular fluid and high osmotic pressure in sheath cells. As a result, Na cannot be transferred from the roots to the sheath and leaves, and thus remains in the roots.
Additionally, in salt-sensitive varieties, the low root and high sheath and leaf Na may be due to low osmotic pressure in sheath cells caused by low sheath K, which results in extreme transfer of Na from the roots to the sheath and leaves (Deinlein et al. 2014) K is important under saline conditions because of its involvement in osmotic regulation and its competitive effect against Na. Excessive Na decreases essential cation contents, especially K in rice and tomato plants, and the addition of K improves their growth under salt-stress conditions (Alam 1999) . Our study showed that most genotypes grown under salt-stress conditions had higher Na and Ca and lower K in the roots, sheaths, and leaves than did the control. This was consistent with the finding that all genotypes grown in saline medium had increased Na and decreased K in the roots and shoots compared with contents under non-saline conditions (De Leon et al. 2015) . On the other hand, many authors have concluded that K content in the shoot (including the sheath and leaf blade), which results in low Na/K ratios, possibly due to effective compartmentalization of Na in the roots, is an important indicator for salt-tolerance screening (Ren et al. 2005 ; De Leon et al. 2015; Wang et al. 2012) . We found significant differences in K content only in the sheath. The Table 5 . Regressions of SES against Na, K, Mg, and Ca contents (mg g −1 DW) in the salt-stress treatment. Root Na/K Sheath Na/K Leaf Na/K Root Na/Mg Sheath Na/Mg Leaf Na/Mg Figure 3 . The differences of Na/K and Na/Mg ratios among four salt-tolerance groups in roots, sheaths, and leaves in the salt-stress treatment.
STGs, salt-tolerant groups; MSTGs, moderately salt-tolerant groups; SSGs, salt-sensitive groups; HSSGs, highly salt-sensitive groups; ns, not significant. The histograms in the same parameter with the same letter are not significantly different by the Tukey HSD test (P<0.05) Table 6 . Regressions of SES against Na/K and Na/Mg ratios under salt-stress treatment. STGs (KCR124 and KCR19) had the highest sheath K content, while HSSGs (KCR246, KCR244, and KCR225) had the lowest. Additionally, we found that SES and sheath K were highly correlated, whereas SES and root or leaf K were not, indicating that sheath K plays a more important role in salt tolerance than root or leaf K does. Na ions are harmful to plants, and K ions are essential for reducing the uptake of Na (Wu et al. 2009 ). Therefore, Na and K concentrations and ion balance play important roles in rice salt tolerance (Zheng et al. 2014) . Shabala and Cuin (2008) reported that the intracellular K/Na ratio was a key determinant of salt tolerance. Furthermore, Zhang et al. (2010) found that some genotypes (FL478 and IR651) were more salt tolerant than others (IR29 and Azucena) because they had lower Na content and lower Na/K, Na/Ca, and Na/Mg ratios, but higher K content, under salt stress (100 mmol L −1 NaCl). Salt-tolerant genotypes may maintain a low Na/K ratio because of higher K accumulation (Gregorio and Senadhira 1993; Koyama et al. 2001; Ren et al. 2005) or restriction of Na transport (Wang et al. 2012; Tester and Davenport 2003) . Our results indicated that salt-tolerant varieties had low Na/K ratios in the sheath and leaves (1.1 and 0.65, respectively), whereas salt-sensitive cultivars had higher ratios (9.08 and 2.31, respectively). Salttolerant varieties had high K but low Na content in the sheaths. Additionally, significant differences in K were found only in the sheath. Therefore, in salt-tolerant varieties, the low leaf Na/K ratio was due to low leaf Na rather than to high leaf K, whereas low Na and high K in the sheath were responsible for low sheath Na/K.
SES
Mg content and Na/Mg ratio under salt-stress conditions
Mg is the most abundant divalent cation in the cytosol of plant cells and plays a critical role in many physiological processes (Li et al. 2001) . Shaul (2002) (Marschner 1995) , and Al 3+ (Rengel and Robinson 1989) . Although many studies have analyzed plant tissues for Mg 2 + , few salinity-nutrient studies have assessed the effects of salinity on Mg 2+ (Grattan and Grieve 1999) . Hussain (2003) investigated the effects of salt stress on Basmati rice at four levels of salinity and found that the Mg concentration in rice shoots was not significantly affected by salinity. However, we found differences in Mg content in the sheaths and roots, but not in the leaves, among the four salt-tolerance groups. HSSGs (KCR246, WRC37, WRC5, and T65) accumulated considerable Mg in the sheath and much less in the roots, whereas the salttolerant groups (KCR136, KCR20, and KCR208) had the highest root and lowest sheath Mg. High root Mg in salt-tolerant varieties may increase the osmotic pressure in the roots, thereby allowing them to absorb water from saline solutions. Mg activity inside the cytoplasm is involved in the regulation of plasma membrane H + -ATPase activity; e.g., an increase in cytosolic Mg 2+ concentration increased the H + -ATPase activity in maize (Hanstein et al. 2011) .
We also found that STGs had low Na/Mg ratios (KCR124, KCR20, and KCR 136) and HSSGs high Na/Mg ratios (KCR246, KCR244, WRC41, and WRC29) in both sheaths and roots, whereas there was no difference in root Na/Mg among the four salt-tolerance groups. We also found high correlations between SES and sheath and root Na/Mg ratios. These results indicate that differences in salt tolerance can be identified using Na/Mg ratios, especially in the sheath, under salt-stress conditions.
Ca content and salt tolerance
Intracellular Ca 2+ can regulate the responses of plants to drought and salinity, and it has also been implicated in the transduction of drought and salt-stress signals in plants, which play an essential role in osmoregulation under these conditions (Knight et al. 1997; Bartels and Sunkar 2005) . However, in our study, although there were differences in Ca content in the sheath and leaves among the four salt-tolerance groups, we found no significant correlations between SES and Ca content in roots, sheaths, or leaves in the control or treatment groups.
Conclusion
Our results showed that salt-tolerant varieties can be identified using sheath K under non-saline conditions. Sheath K, Na/K, and Na/Mg were useful indicators for genetic analysis of salt tolerance under salt-stress conditions. Among the 37 rice genotypes, Short Grain (KCR20), LAC23 (KCR 124), and Khao Kap Xang (KCR136) may be useful for such analyses because they had many ideal salt-tolerant characteristics, including high sheath K (31.19, 31.21, 29 .44 mg g −1 DW, respectively) under non-saline conditions and low SES (3.3, 3.6, 3.9, respectively) , low sheath Na/K (0.64, 0.52, 0.92, respectively), and Na/Mg ratios (2.96, 2.27, 3.03, respectively) under salt-stress conditions.
